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We point out that the recent conjecture relating large N gauge theories to string 
theory in anti-de Sitter spaces offers a resolution in principle of many problems 
in black hole physics. This is because the gauge theory also describes spacetimes 
which are not anti-de Sitter, and include black hole horizons and curvature singu- 
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1 Introduction 



A longstanding goal of quantum gravity is to smooth out, or resolve, the singularities 
of classical general relativity. It is now well known that many spacetimes which are 
singular from the standpoint of general relativity are in fact nonsingular when viewed as 
solutions to string theory. An early example of this was orbifold singularities, in which 
the curvature remains bounded near the singular point. This has since been extended 
to more serious curvature singularities such as the conifold singularity []J . However, the 
singularities inside a black hole have not yet been resolved in the context of string theory 
(although some interesting partial results have been obtained @). 

A related issue concerns the description of spacetime inside the event horizon. In the 
original calculations of the entropy of extreme and near-extreme black holes in string 
theory [|3|-[5|], one considered a configuration of D-branes and counted the number of states 
of given energy at weak coupling. (These excitations are described by a supersymmetric 
gauge theory.) One then extrapolated to strong coupling and compared this number 
with the area of the event horizon of the corresponding black hole. Since the area of 
the event horizon is much less than the string scale at weak coupling, it wasn't clear 
what the relation was between the quantum states of the gauge theory and the region 
of spacetime behind the horizon. There was speculation that perhaps the branes were 
located near the horizon, replacing the region inside [Q, or that the description of the 
gauge theory interacting with the bulk supergravity modes was appropriate only for 
outside observers. Another description would then be needed for infalling observers. 

Recent developments in string theory have shed light on both of these issues. It was 
proposed in || that for large N and strong coupling (gy M N 3> 1), supersymmetric U (N) 
gauge theories are equivalent to string theory in particular supergravity backgrounds. 
(For earlier work along these lines, see The basic idea is to consider N D-branes 

in string theory in a low energy limit. From an effective field theory analysis, one argues 
that the degrees of freedom on the branes decouple from the bulk modes in this limit. 
Starting with the supergravity solution describing the branes and applying the same 
limit, one obtains a region of spacetime near the horizon. Since one starts with the 
same theory and applies the same limiting procedure, the resulting descriptions should 
be equivalent. This bold conjecture has been clarified in |], [Hj and investigated in a 
number of recent papers |TT|^8|, with promising results. In this paper, we will see that 
if we follow the argument of 0] for near-extreme branes, we find that the gauge theory 
at finite energy density is equivalent to string theory in an asymptotically anti-de Sitter 
black hole solution, including the region behind the horizon. 

Let us first review the argument in the extreme case. To be concrete, we consider N 
D-three branes in type IIB string theory. The supergravity solution has constant dilaton 
and metric 

ds 2 = f-^i-dt 2 + dydtf) + f x l 2 {dr 2 + r 2 rffi 5 ), (1.1) 
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with 

/(rH1 + W, (1 . 2) 

where g is the string coupling (g ~ gy M ), and yi, i = 1, 2, 3 denote the directions along 
the branes. The horizon is at r = 0, and these coordinates (with r > 0) cover only the 
region outside the horizon. The maximal analytic extension contains an infinite number 



of asymptotically flat regions, but no singularities [59]. The low energy limit consists 
of setting r = Ua', and taking a' — > with U and g fixed. This effectively restricts 
attention to the region near the horizon. The resulting metric is 



ds 2 = -JL=(-dt 2 + d Vl dy l ) + ^§^dU 2 + ^g~NdQ 5 (1.3) 

in string units. This metric describes the product of 5 5 and five dimensional anti-de 
Sitter space (AdSs), both with radii R 2 = ^4ngN. The gauge theory associated with 
iV D-three branes is four dimensional U(N) M = 4 super Yang-Mills. The conjecture 
is that the strong coupling limit of this gauge theory is equivalent to string theory on 
AdS<s x 5 5 , with the above radii. 



In |12| it was argued that the gauge theory actually describes string theory on both 
sides of the horizon U = 0. This is because the gauge theory has a conformal symmetry 
group 5*0(2,4), which is supposed to be identified with the isometry group of the near 
horizon geometry. 5*0(2, 4) is indeed the symmetry group of AdS$, since AdS§ is the 
surface —UV + r]^ u X^X v = —R 2 in a flat spacetime with signature (2,4), R*- 2 ' 4 - 1 . How- 
ever, the region outside the horizon (U > 0) is not invariant under this full group, but 
only under a subgroup which leaves a null direction in R/ 2 ' 4 ) invariant. So the gauge the- 
ory, which is invariant under the full group, must describe string theory on both sides 
of the horizon. Furthermore, to properly realize the conformal symmetry, the gauge 
theory should not be defined on R 4 but rather on 5 3 x R. Time evolution on 5 3 x R 
corresponds in AdS^ to evolution with respect to a global timelike symmetry which does 
not leave the region U > invariant. 



2 Near-extreme D-three branes 



The argument of JTJI is encouraging, but does not address the issue of black hole singu- 
larities, since the extremal three brane is regular everywhere. The horizons in the AdS§ 
geometry are also not true event horizons, since they depend on a particular choice of 
Killing field. For the near-extremal three brane, the metric is given by 

ds 2 = f-V 2 (-hdt 2 + d Vl dy l ) + f lt2 (hT x dr 2 + r 2 dtt 5 ), (2.1) 



3 



Figure 1: Causal structure for the near-extreme 3-brane. Each point represents S 5 x R 3 . 



where / is given by ( |1.2| ) and 



h(r) = 1 - ^ 



(2.2) 



The global structure of this solution is similar to the Schwarzschild solution, and is shown 
in Fig. [I]. This nonextremal solution corresponds to excited D-branes whose dynamics 
are now described by the gauge theory at a finite energy density. 

One might have expected that the limit which decouples the gauge theory from the 
bulk would restrict to the region near the horizon, and both the singularity and the 
asymptotically flat region would be removed. This is not the case. In fact one obtains 
the metric 



ds 2 



U 2 



1 



dt 2 + dyidy 1 



+ 



^AngN 
U 2 



-i 



1 



dU z + ^4ngNdn 5 . 

(2.3) 



Note that the five sphere decouples throughout the spacetime (|2.3|) . The Penrose dia- 
gram for the remaining five dimensional spacetime is shown in Fig. |2|. This is similar 
to the Schwarzschild anti-de Sitter metric, but the symmetries are different; there are 
translational invariances along the y % directions rather than the spherical symmetry of 
Schwarzschild anti-de Sitter. The five dimensional spacetime is asymptotically AdS^, 
but it is not locally AdS 5 . While the Ricci tensor is constant R^ u = —(AirgN^^g^, 
the Weyl tensor is nonzero, and given by 



a 



77 4 



(2.4) 



£/ 4 v/4ipr' 

where the indices i,j denote components with respect to an orthonormal basis in the 
five-dimensional metric, and there is no sum on The curvature clearly diverges as 
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u = o 




Figure 2: Causal structure for the decoupled region. 



U — > 0. The five dimensional spacetime in fl2.3| ) is a solution to Einstein's equation with 
a negative cosmo logical constant, and is analogous to four-dimensional metrics found 



earlier 30 



Since the near extremal solution just corresponds to the gauge theory at finite en- 
ergy density (p ~ Uq), its clear that the gauge theory can describe string theory in 
backgrounds other than anti-de Sitter space. This should not be surprising, since the 
modes of the string include fluctuations of the metric. Furthermore, since the entire 
spacetime shown in Fig. 2 arises in the scaling limit, the gauge theory must describe 
string theory on this entire space. 

One might worry that the gauge theory only captures the physics outside the horizon, 
since the natural time on the worldbrane (for R 4 topology) only covers the external 
region. However the same argument could have been made in the extremal case, and 
we have already seen that the gauge theory naturally includes the region beyond the 
horizon in this case. It is true that the solution (|2.3|) has less symmetry than AdS$, so 
there is no direct analog of the symmetry argument of [|HJ to guarantee that the region 
inside the horizon is included. However, the gauge theory is the same as in the extreme 
case; one is simply considering different states. Also, the difference between S 3 and R 3 
should not matter for reasonable energy densities. 



Note that if we considered a Euclidean version of the solution, as in ||10|| , we would 
find that the Euclidean section arises from analytically continuing the region outside the 
horizon, and we would expect the Euclidean version of the gauge theory to correspond 
to string theory on this Euclidean manifold. This does not contradict our Lorentzian 
argument. String theory is consistent on the Euclidean solution since it is a complete 
space. String theory cannot be consistently defined on the region outside the event 
horizon of the Lorentzian solution, since strings will fall in. 
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The supergravity approximation will break down once the curvature becomes large, 
or if there are compact directions smaller than the string scale (so winding modes become 
light). For large gN, the curvature is small near the horizon and everywhere outside. 
If one periodically identifies the yi, the radii of these circles shrink as one decreases U. 
At small enough U, the circles will be smaller than the string scale, and it would be 
more appropriate to study the T-dual metric. However, since one can compactify the 
Hi with arbitrary periods Lj, for a given energy density, one can arrange for the circles 
to stay larger than the string scale until the local curvature becomes large. Then the 
supergravity approximation breaks down only near the singularity in the five- dimensional 
spacetime. Since the gauge theory is perfectly nonsingular, it must provide a regular 
description of the spacetime, including the singular region. 

The near extremal three brane will Hawking radiate. Since the finite temperature 
gauge theory is clearly in equilibrium, it cannot describe a time-dependent process such 
as the evaporation of the three brane. Thus, the finite temperature gauge theory must 
describe the brane in thermal equilibrium with a gas of string modes in anti-de Sit- 
ter space. The negative cosmological constant acts like a confining box, so unlike the 
asymptotically flat case, the thermal gas will have finite energy. 

3 Discussion 

We have argued that the analysis of || for near-extreme three branes implies that the 
finite temperature large N gauge theory is equivalent to string theory on a background 
spacetime which describes a black hole in anti-de Sitter space. In particular, the gauge 
theory describes the region inside the black hole's horizon, and, since it is perfectly reg- 
ular, provides a resolution of the singularity inside the black hole. Similar results apply 
for the near-extremal versions of the other cases discussed in || . For the two brane and 
five brane in M theory, the discussion in the previous section is carried over essentially 
unchanged. For the near-extremal black string obtained from a D1+D5 system in six 
dimensions (and for five- dimensional black strings), the black hole solution is just the 
BTZ black hole j31| . The geometry is locally AdS^ in this case, and there is no curvature 
singularity. The near-extremal six dimensional black string does have a curvature singu- 
larity, and it also has two horizons: an event horizon and inner horizon. The decoupling 
limit includes both horizons, but not the singularity. 

If we take the yi to be periodically identified in (2.3), the spacetime has two asymp- 
totic boundaries, corresponding to the two sides of the Penrose diagram in Fig. |||. It 
seems likely that the interpretation of this is the same as in general relativity: the sec- 
ond asymptotic region is probably unphysical, and does not arise when the process of 
formation is included. For example, suppose one starts with iV D three branes spread 
out over a ball in the noncompact directions. This should act like a q = m charged dust. 
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If the branes are given some initial inward radial velocity, they will collapse to form the 
nonextreme black hole, but the Penrose diagram will now have only one asymptotically 
AdS region. 

Work is underway to find further support for this remarkable connection between 
gauge theory and black hole singularities. One issue that evidently deserves further 
study is understanding the causal structure of the spacetime from the gauge theory 
point of view. That is, we would like to ask why a test three brane, say, is restricted to 
move within the light cones of the metric (|2.3|) . At weak coupling, the causal dynamics 
of branes follows from the Dirac-Born-Infeld action. Here we have only the super Yang- 
Mills action, but its possible that the DBI action arises as a low energy effective action 
for probe branes. Studying infalling branes (as in [^|) seems a sensible next step to 
obtaining a greater understanding of the connection between gauge theory and geometry. 
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